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METHOD AND SYSTEM FOR PRODUCING HYDROGEN BY REFORMING 

HYDROGEN-CONTAINING GAS 

BACKGROUND OF THE INVENTION 

[0001] The present disclosure relates generally to a method and system for 
producing hydrogen by reforming hydrogen-containing gas, and particularly to a 
method and system employing a cyclical compression chamber for reforming methane 
gas into hydrogen gas. 

[0002] Fuels such as methane may be reformed by a variety of methods, such 
as POX (partial oxidation), CPOX (catalytic partial oxidation), ATR (autothermal 
reforming), and SMR (steam-methane reforming) for example, to produce hydrogen. 
Steam-methane reforming of hydrocarbons such as methane (natural gas, CH4) is an 
endothermic reaction that takes place at high temperatures between 500 and 1100 
degree-Celsius (deg-C). These methods tend to control equilibrium conversion and 
reaction rates by varying temperature, utilizing catalysts, and injecting steam or water, 
with the resulting systems tending to be complex and with complicated operation and 
control systems. 

[0003] Accordingly, there is a need in the art to provide a method and system 
for effectively reforming hydrogen-containing gas into hydrogen gas that overcomes 
the complexities of present methods and systems. 

SUMMARY OF THE INVENTION 

[0004] In one embodiment, a hydrogen reforming system includes a cyclical 
compression chamber having an entry port for receiving hydrogen-containing gas and 
an exit port for delivering reformed hydrogen-containing gas, an arrangement for 
heating the hydrogen-containing gas to a non-combustible temperature, and a drive 
system for cycling the cyclical compression chamber. The cyclical compression 
chamber has an operational cycle with an internal pressure and temperature absent 
combustion effective for reforming the hydrogen-containing gas. 
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[0005] In another embodiment, a method for producing hydrogen by 
reforming hydrogen-containing gas is provided. The hydrogen-containing gas is 
introduced into a cyclical compression chamber, where the pressure and temperature 
are increased by reducing the volume of the cyclical compression chamber to initiate 
reformation chemistry. Reformation chemistry is continued in the cyclical 
compression chamber under conditions of appropriate pressure and temperature, and 
in the absence of combustion, effective to convert a portion of the hydrogen- 
containing gas into reformed hydrogen-containing gas. Following the reformation 
chemistry the reformed hydrogen-containing gas is discharged. 

[0006] In a further embodiment, a hydrogen reforming system includes a 
cyclical compression chamber and an internal combustion engine coupled to the 
cyclical compression chamber for driving the cyclical compression chamber through a 
gas reforming cycle. The cyclical compression chamber has an entry port for 
receiving hydrogen-containing gas, an exit port for delivering reformed hydrogen- 
containing gas, and an operational cycle with an internal pressure and temperature 
absent combustion effective for reforming the hydrogen-containing gas. Heat 
generated by the internal combustion engine is transferred to the cyclical compression 
chamber for raising the temperature of the hydrogen-containing gas to a non- 
combustible temperature. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] Referring to the exemplary drawings wherein like elements are 
numbered alike in the accompanying Figures: 

[0008] Fig. 1 depicts a cross sectional view of an exemplary hydrogen 
reforming system in accordance with an embodiment of the invention; 

[0009] Fig. 2 depicts a more detailed cross sectional view of at least a portion 
of the system of Figure 1 ; 

[0010] Fig. 3 is illustrative of an exemplary temperature and pressure 
characteristic of the system of Figure 1 as a function of crank angle; 
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[0011] Fig. 4 depicts an exemplary block diagram of the energy flow in the 
system of Figure 2; and 

[0012] Fig. 5 is illustrative of the temperature and pressure characteristic for 
an exemplary gas-reforming zone in accordance with an embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0013] An embodiment of the invention provides a system for producing 
hydrogen by reforming hydrogen-containing gas, such as a methane mixture for 
example, in a non-combusting process by utilizing a reciprocating piston and cylinder 
driven by a combustion engine to generate pressures and temperatures effective for 
initiating and carrying out reformation chemistry. While the embodiment described 
herein depicts a combustion engine as an exemplary power-plant for driving the 
reciprocating piston and cylinder, it will be appreciated that the disclosed invention 
may also utilize other power-plants for the drive system, such as an electric-powered 
motor, a wind-powered motor, a solar-powered motor, or a hydro-powered motor, for 
example. Also, while the embodiment described herein depicts a reciprocating piston 
and cylinder as a system for providing a cyclical compression chamber, it will be 
appreciated that other cyclical compression chambers may be employed, such as a 
rotary compression chamber for example. 

[0014] Referring now to Figure 1, an exemplary embodiment of a three- 
cylinder hydrogen reforming system (HRS) 100 is depicted. HRS 100 includes an 
internal combustion cylinder (ICC) 110, and two hydrogen-reforming cylinders 
(hereinafter referred to as cyclical compression chambers, (CCC)) 200. In an 
embodiment, ICC 110 includes a piston 112 and a cylinder 114, which receives a fuel 
mixture and a timed ignition to provide a mechanical driving force, such as in a four- 
stroke gasoline-powered internal combustion engine for example. A driveshaft 120 
with cranks 130 provides a mechanical connection between ICC 110 and each CCC 
200 for driving each piston 205 within each cylinder 210 in a cyclical manner. While 
a three-cylinder HRS 100 is depicted, it will be appreciated that any arrangement of 
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drive system cylinders and hydrogen reforming cylinders may be employed as 
necessary, thereby providing a scalable HRS 100. 

[0015] Referring now to Figure 2, an exemplary single CCC 200 is depicted 
having an entry port 215 with an entry valve 220 for receiving a hydrogen-containing 
gas, such as a methane mixture for example, and an exit port 225 with an exit valve 
230 for delivering reformed hydrogen-containing gas to a gas separator 235. Gas 
separator 235 includes an entry port 236 for receiving the reformed hydrogen- 
containing gas, a first exit port 237 for delivering reformed hydrogen gas separated 
from the reformed hydrogen-containing gas, and a second exit port 238 for delivering 
gas separator byproducts. In an alternative embodiment, an entry valve 246 is 
arranged at entry port 236, an exit valve 251 is arranged at second exit port 238, and 
gas separator 235 includes a pressure swing adsorption (PSA) device (generally 
depicted by numeral 235). Entry and exit valves 246, 251 are arranged for regulating, 
pressurizing, and depressurizing the gas inside gas separator 235 in response to the 
pressure generated at CCC 200 to produce pressurized reformed hydrogen-containing 
gas, thereby enabling a pressure-driven gas separation process, as will be discussed 
further below. CCC 200 has an operational cycle that generates internal pressures and 
temperatures absent combustion that is effective for reforming the received hydrogen- 
containing gas, as will be discussed in more detail below. CCC 200 may also include 
an arrangement for heating the hydrogen-containing gas to a non-combustible 
temperature, such as internally via a catalyst 240 within cylinder 210, or externally 
via steam that may be added to the entry flow 245, which also includes the hydrogen- 
containing gas. In an alternative embodiment, different entry ports may be used for 
the steam (entry port 216) and hydrogen-containing gas (entry port 215). In a further 
alternative embodiment, the hydrogen-containing gas may be pre-heated, using steam 
for example, prior to entering CCC 200 through entry port 215. The exit flow 250, 
which includes the reformed hydrogen-containing gas, passes through gas separator 
235, which in an embodiment may include a membrane penetrable by hydrogen gas 
molecules (H2), but not by methane (CH4), carbon-monoxide (CO), carbon-dioxide 
(C02), or water (H20) molecules, or may include a PSA device, as discussed above, 
for separating the hydrogen gas molecules from the other aforementioned molecules, 
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thereby enabling substantially pure hydrogen gas to be extracted and used, or stored 
for future use. As used herein, substantially pure hydrogen gas refers to a hydrogen 
gas that may contain small traces of other elements, such as carbon for example. 

[0016] In an embodiment where a second entry port 216 is used for the 
introduction of steam, the open state of steam entry port 216 may be delayed until 
after maximum compression (top dead center), and until such a time when the internal 
volume of CCC 200 is increasing and the internal gas temperature is decreasing, 
thereby providing an injection of high temperature steam at an optimal point in the 
cycle for increasing the temperature of the hydrogen-containing gas to a non- 
combustible temperature as the volume of the CCC 200 increases. The timing of 
steam injection may be better seen by now referring to Figure 3, which depicts a 
temperature/pressure curve (T/P curve) 300 of the hydrogen-containing gas within 
CCC 200 as a function of time or crank angle, in units of degrees. Hereinafter, 
reference will be made to crank angle as the cyclical timing of CCC 200 is known to 
be geometry dependent. In an exemplary embodiment, T/P curve 300 is at 305 in 
response to CCC 200 being at bottom-dead center (maximum volume and minimum 
compression), and at 310 in response to CCC 200 being at top-dead center (minimum 
volume and maximum compression). A full operational cycle occurs when CCC 200 
returns to bottom-dead center, depicted generally at 315 on T/P curve 300. The 
horizontal dashed lines 320, 325 depicted in Figure 3 represent the operational 
window in which ideal temperature and pressure conditions exist within CCC 200 for 
gas reformation. At 330 on T/P curve 300, before top-dead center, CCC 200 has 
compressed the hydrogen-containing gas sufficient to naturally, or with the aid of 
auxiliary heat, initiate reformation chemistry, and at 335 on T/P curve 300, after top- 
dead center, CCC 200 has expanded the reformed hydrogen-containing gas sufficient 
to naturally quench the reformation chemistry. However, by injecting steam after the 
point 310 and before the point 335 on T/P curve 300, an elevated temperature of the 
hydrogen-containing gas can be maintained as the volume of CCC 200 increases 
thereby prolonging the reformation chemistry for enhanced hydrogen production. In 
an embodiment, and as depicted in Figure 3, the crank angle differential 340 from 
point 330 to point 335 on T/P curve 300 is about 20 degrees. However, in other 
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embodiments the crank angle differential 340 between points 330 and 335 may vary 
from about 15 degrees to about 25 degrees. 

[0017] Referring now to Figure 4, an exemplary energy balance analysis 400 
relating to HRS 100 will now be discussed in relation to Figures 1-3. At blocks 405, 
410, methane gas (CH4) and water (H20) are introduced to HRS 100 at temperature 
Tl and pressure PI. As used herein, the numerals associated with temperature 
symbol T (such as Tl or T2 for example) and with pressure symbol P (such as PI or 
P2 for example) are intended to represent temperature and pressure changes from one 
stage to the next, and do not necessarily denote the same temperature and pressure at a 
given stage. In an embodiment, the methane gas 405 is introduced to CCC 200 via 
entry port 215 ahead of the water 410, and is introduced at an elevated temperature 
and pressure T2/P2, block 415. As discussed above, the water 410 may be introduced 
to CCC 200 as steam via entry port 216 at a temperature and pressure T2/P2, block 
420, which may be introduced after top-dead center of CCC 200, as the volume of 
CCC 200 is increasing, and as the T/P curve 300 is approaching point 335. 
Reformation chemistry takes place within CCC 200, and between dashed-line window 
320, 325 and points 330, 335 on T/P curve 300, thereby reforming the methane and 
steam mixture into a gas mixture containing hydrogen. During reformation 
chemistry, the temperature and pressure within CCC 200 changes from T3/P3 at block 
425 to T4/P4 at block 430, with the reformed hydrogen-containing gas exiting CCC 
200 via exit flow 250 to gas separator 235 at a temperature and pressure of T5/P5, 
block 435. In an embodiment, gas separator 235 includes a membrane penetrable by 
hydrogen gas molecules (H2), but not penetrable by methane (CH4), carbon- 
monoxide (CO), carbon-dioxide (C02), or water (H20) molecules, thereby enabling 
the separation of hydrogen gas at temperature and pressure T6/P6, block 440, from 
separator byproducts (CH4, CO, C02, and H20) at temperature and pressure T8/P8, 
block 445. The hydrogen gas may then be used or stored at temperature and pressure 
T7/P7, block 450. The separator byproducts at T8/P8 445 may be used to provide the 
needed energy E9, via a heat transfer device (heat exchanger for example) depicted 
generally at block 455, to elevate the temperature of the water at Tl/Pl 410 to steam 
at T2/P2 420. In this manner, system-generated energy is recycled back into the 
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system for heating the hydrogen-containing gas to a non-combustible temperature. 
The extraction of thermal energy E9 from the separator byproducts at 445 results in 
exhaust products (offgas), depicted generally at block 460. 

[0018] In an embodiment, and referring now to Figure 5, the effective 
temperature internal to CCC 200 for promoting reformation chemistry is depicted in 
zone 500 ("Zone of CH4 Reforming") as being is equal to or greater that about 650 
degrees Celsius and equal to or less than about 900 degrees Celsius, and the effective 
pressure internal of CCC 200 for promoting reforming chemistry is depicted by the 
interception point 510 of line 520 (temperature vs. compression ratio line) and zone 
500 as having a compression ratio of equal to or greater than 17, with a high 
compression pressure being at about 35 to about 50 bar. 

[0019] To produce hydrogen gas using CCC 200 in HRS 100, which is driven 
by ICC 110, shaft 120 and cranks 130, the hydrogen -containing gas (methane gas for 
example) is introduced into CCC 200 via entry port 215 when piston 205 and cylinder 
210 provide an internal volume at or about a maximum value (bottom dead center), 
depicted generally at point 305 on T/P curve 300. Continued cranking of shaft 120 
reduces the internal volume of CCC 200, which serves to increase the pressure and 
temperature of the methane gas. To initiate reformation chemistry, additional heat 
may be supplied to CCC 200, either via steam 420 or catalyst 240. Regarding steam 
420, the steam may be introduced with the methane gas 405, 415 via entry port 215, 
or may be introduced via a separate entry port 216. If steam entry port 216 is 
employed, timing controls on the entry valve 217 may be used to introduce a first 
portion of steam at or about point 330 on T/P curve 300 to help initiate reformation 
chemistry, and a second portion of steam at or about point 335 on T/P curve 300 to 
help prolong reformation chemistry, as will be discussed further below. Continued 
cycling of CCC 200 causes the internal temperature/pressure characteristic to traverse 
T/P curve 300 from point 305 to point 330, where reformation chemistry is initiated. 
Reformation chemistry continues to point 335 with continued cycling of CCC 200. 
Between points 330 and 335, the temperature and pressure within an embodiment of 
CCC 200 is within the range of about 650 to about 900 degrees-Celsius, and within 
the range of about 35 to about 50 bars, respectively. The temperature and pressure 
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conditions conducive to reformation chemistry is represented by dashed-line 
boundaries 320, 325 in Figure 3, and within these boundaries, CCC 200 is absent 
combustion. As CCC 200 is cycling through point 335 on T/P curve 300, the volume 
of CCC 200 is increasing, which reduces the internal temperature and pressure and 
results in the reformation chemistry being quenched. However, as discussed above, a 
portion, or second portion, of steam may be introduced into CCC 200 prior to point 
335 on T/P curve 300 via steam entry port 216, thereby elevating the temperature of 
the internal hydrogen-containing gas to further prolong reformation chemistry. After 
reformation chemistry has been quenched through continued cycling of CCC 200, exit 
port 225 opens via exit valve 230 to permit the discharge of the reformed hydrogen- 
containing gas. In an embodiment, the opening and closing of valves 217, 220, and 
230 to control the introduction, sealing and exhaust of the methane gas, steam, and 
reformed gas is performed in a known manner using known valve control techniques. 

[0020] The discharged reformed gas is passed through hydrogen gas separator 
235 where it is separated into hydrogen gas (H2), block 440 in Figure 4, and 
byproducts (CH4, CO, C02, and H20, for example), block 445 in Figure 4. In an 
embodiment, gas separator 235 is a membrane structure, where the reformed gas 
enters at entry port 236, the hydrogen gas molecules pass through a hydrogen-gas- 
penetrable-membrane 239 to exit at first exit port 237, and the separator byproducts 
exit at second exit port 238. 

[0021] Referring now to Figure 4, an embodiment of HRS 100 includes heat 
exchanger 455 that extracts heat from byproducts 445 and transfers the heat to CCC 
200 via steam 420. In an embodiment where it is desired to further the degree of 
reformation chemistry prior to quenching the reformation chemistry, steam 420 may 
be introduced as a second portion of steam prior to point 335 on T/P curve 300, as 
discussed above. The energy conversion occurring at heat exchanger 455 converts 
byproducts 445 into thermal energy, discussed above, and exhaust products (offgas) 
460. 

[0022] In an exemplary HRS 100, a set of CCCs 200 are combined with a set 
of ICCs 110, such as an internal combustion engine as discussed above for example, 
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and a drive shaft 120 to provide a self-contained HRS 100 having both a drive system 
and a gas reformation system. In such an integral arrangement, the heat generated by 
the engine may be used, via a heat transfer device, to elevate the temperature of the 
hydrogen-containing gas in CCC 200 to a non-combustible temperature, thereby 
promoting the initiation of reformation chemistry or prolonging the duration of 
reformation chemistry, as discussed above. Also, such an integral arrangement may 
include a gas separator 235 arranged in fluid communication with CCC 200 for 
receiving the reformed hydrogen-containing gas 430 at an entry port 236, delivering 
reformed hydrogen gas 440 at a first exit port 237, and delivering gas separator 
byproducts 445 at a second exit port 238. The energy available from separator 
byproducts 445 may be combined with the thermal energy available from the 
combustion engine, transformed via heat exchanger 455, and delivered back to CCC 
200 for assisting in reformation chemistry as discussed above. 

[0023] In an exemplary embodiment, natural gas (high methane content gas) 
is made available at a temperature and pressure of about 298 deg-Kelvin (deg-K) 
(about 25 deg-C) and about 1 -atmosphere (atm), and steam is made available at about 
398 deg-K and about 1-atm, where the two are mixed together in an appropriate 
proportion, about 1:3 for example, and pre-heated to a temperature of about 573 deg- 
K. The pre-heated mixture, or feed, is then introduced as entry flow 245 into CCC 
200 via entry port 215. Piston 205 is cyclically operated in a manner described above 
to compress the feed by a compression ratio of 22:1, for example, which raises the 
feed temperature and pressure to about 1154 deg-K and about 44-atm. Reformation 
chemistry in CCC 200 causes conversion of the hydrogen-containing gas to reformed 
hydrogen-containing gas at a temperature and pressure of about 912 deg-K and about 
38-atm, which enables a methane-to-hydrogen conversion of about 22% at gas 
separator 235. 

[0024] As disclosed and described, some embodiments of the invention may 
include some of the following advantages: a non-combustion process for producing 
substantially pure hydrogen; an integral arrangement of a cyclical combustion engine 
and a cyclical hydrogen reformation system; effective use of a piston and cylinder 
arrangement for simplified hydrogen production; internal or external heating of the 
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reforming fuel; alternative methods of powering the hydrogen reforming system; self- 
controlled chemistry initiation and quenching; and, low complexity. 

[0025] While the invention has been described with reference to exemplary 
embodiments, it will be understood by those skilled in the art that various changes 
may be made and equivalents may be substituted for elements thereof without 
departing from the scope of the invention. In addition, many modifications may be 
made to adapt a particular situation or material to the teachings of the invention 
without departing from the essential scope thereof. Therefore, it is intended that the 
invention not be limited to the particular embodiment disclosed as the best or only 
mode contemplated for carrying out this invention, but that the invention will include 
all embodiments falling within the scope of the appended claims. Moreover, the use 
of the terms first, second, etc. do not denote any order or importance, but rather the 
terms first, second, etc. are used to distinguish one element from another. 
Furthermore, the use of the terms a, an, etc. do not denote a limitation of quantity, but 
rather denote the presence of at least one of the referenced item. 

[0026] What is claimed is: 
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